Background: Ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) was recently extensively studied as a candidate gene for obesity phenotypes. As the human homologue of the mouse progressive ankylosis (ANKH) and alkaline phosphatase (ALPL) are known functional partners of ENPP1 in bone mineralization, we hypothesized that these genes may also be jointly involved in determining obesity features. Aim: To examine the effects of the three genes, possible gene-sex and gene-gene interactions on variability of four obesity phenotypes: the body mass index (BMI), the waist-hip ratio (WHR), the epidermal growth factor receptor (EGFR), and leptin. Subjects and methods: In all, 962 healthy individuals from 230 families were genotyped for 45 single nucleotide polymorphisms (SNPs). The association analysis was performed using two family based association tests (family based association test and pedigree disequilibrium test). The combined P-values of the two tests were estimated by Monte-Carlo simulations. Relative magnitude of the genetic and familial effects, gene-sex and gene-gene interactions were assessed using variance component models. Results: Associations were observed between ENPP1 polymorphisms and BMI (P ¼ 0.0037) and leptin (P ¼ 0.0068). ALPL markers were associated with WHR (P ¼ 0.0026) and EGFR (P ¼ 0.0001). The ANKH gene was associated with all four studied obesity-related traits (Po0.0184), and its effects were modulated by sex. Gene-gene interactions were not detected. Conclusion: The observed pattern of association signals indicates that ANKH may have a generalized effect on adipose tissue physiology, whereas ENPP1 and ALPL affect distinct obesity features. The joint analysis of related genes and integration of the results obtained by different methods used in this research should benefit other studies of similar design.
Introduction
Presently, it is well established that obesity (OB) results from complex interactions of environmental and genetic factors. Different studies consistently showed that the familial factors significantly contribute to various components of OB, with heritability estimates ranging from 40 to 70% regardless of the ethnic background or familial composition of the samples. 1, 2 Numerous modern genetic studies, including testing of various candidate genes and wholegenome linkage and association analyses were conducted during the past decade. 3, 4 However, molecular-genetic mechanisms underlying OB development remain poorly understood, and only a few genes with minor effects have been identified so far in the above and other studies. 5 Moreover, the specific genetic factors explaining the greater portion of OB heritability remain to be discovered. Recently, a number of studies consistently suggested that the genetic polymorphisms in the ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) gene are significantly associated with the OB traits in ethnically different human populations. [6] [7] [8] [9] ENPP1 lies on chromosome 6q22-q23
(OMIM#173335) in a region where several independent studies found a linkage peak to OB phenotypes. [10] [11] [12] [13] ENPP1
is an attractive candidate gene for studying OB, as it was proposed as a key player in the etiology of insulin resistance 14, 15 and in a recently suggested mechanism underlying defective adipocyte maturation. 16 The ENPP1 product has also been identified as one of the central regulators of extracellular pyrophosphate (ePPi)/phosphate (Pi) equilibrium levels. It generates ePPi from nucleoside triphosphatase. 17 Two more genes, the tissue-nonspecific alkaline phosphatase gene (ALPL, 1p36.12, OMIM# 171760) and human orthologue of the mouse progressive ankylosis gene (ANKH, 5p15.1, OMIM# 605145) have been implicated in calcium and ePPi/Pi homeostasis. [17] [18] [19] It should be mentioned that although the role of ENPP1 in energy metabolism and fat tissue physiology has been extensively discussed in the scientific literature, 20 the potential relevancy of its partners in bone mineralization, that is ANKH and ALPL, to adipose tissue and OB etiology has hardly been addressed. Recently, we reported that some DNA polymorphisms in the ANKH gene were significantly associated with body weight and body mass index (BMI), 21, 22 suggesting the possible involvement of the genes in regulating extracellular inorganic pyrophosphate in adipose tissue metabolism and OB. To better understand and verify this hypothesis, in this study, we conducted genetic association analysis between the OB-related phenotypes and selected DNA polymorphisms in the ENPP1, ANKH, and ALPL genes. As mentioned, these three genes are intimately interrelated cyto-physiologically and therefore they may contribute not only independently to OB variationFthe interaction between them may also affect OB variation.
In this study, we chose two anthropometrical proxies of OB, that is, the BMI and the waist-to-hip circumference ratio (WHR), most commonly used in epidemiological studies. These phenotypes represent somewhat different facets of OB in humans. BMI is used for classifying able-bodied adults as underweight, normal weight, overweight, or obese according to WHO criteria. 23, 24 WHR is a frequently used index for assessing fat distribution and central OB. 25 In addition, we also used circulating levels of two biochemical factors closely associated with OB, namely, leptin and epidermal growth factor receptor (EGFR). Leptin is a peptide hormone that has a central function in regulating body weight. Its circulating levels are directly proportional to total body fat, 26 and obese humans have higher leptin concentrations than do nonobese individuals. 27 Several population-based studies revealed that strong common genetic factors influence plasma leptin levels and OB-related phenotypes. 2, 28 Interestingly, polymorphisms of the ENPP1 gene were also found to be associated with circulating leptin levels. 6, 10 The EGFR attracted considerably less attention in studies of OB, compared with leptin. It is a 170-kDa polypeptide with tyrosine kinase activity. It serves as a common receptor for EGF and for transforming growth factor a. 29 This rising interest to EGFR in relation to OB has been stimulated by the in vitro and in vivo studies, showing that EGFR enhances adipogenesis and affects adipocyte differentiation. [30] [31] [32] Moreover, Threadgill and Barrick 33 documented a relationship between modulation of one or more biological activities of EGFR and a reduction in the prevalence of OB and OB-associated disorders in subjects at risk for OB. These authors suggested using FGFR as a novel target for improving glucose tolerance and insulin action, and even for preventing and treating OB 33; thus, making this factor an attractive candidate for the present study.
The main aims of the present paper were therefore to examine individual and epistasic effects of ENPP1, ALPL, and ANKH genetic variants on the variability of OB-related phenotypes in a representative population of apparently healthy Caucasian families.
Materials and methods

Sample
The study was performed on a community-based cohort recruited within the framework of our general project concerning genetic epidemiology of the skeletal aging in the Chuvashian population. The cohort description has been given by us repeatedly elsewhere. 34, 35 Briefly, Chuvashians are ethnic Caucasians living in numerous small villages on the Volga riverside in the Chuvashian and Bashkortostan Autonomies of the Russian Federation. The present sample includes 230 families composed of 962 apparently healthy individuals (506 males, whose ages range from 18 to 86 years, and 456 females, whose ages range from 17 to 84 years). All participants were unaware of the specific hypotheses tested, and they signed an informed consent document to participate in the study, which was conducted with the approval of the Ethics Committee of Tel Aviv University.
Anthropometrical traits
In this study, two OB-related anthropometrical phenotypes were included: BMI (kg m
À2
) ¼ weight/height 2 and WHR ¼ waist circumference (mm)/hip circumference (mm). Measurement of weight, height, waist, and hip circumferences was performed using a standard anthropometric technique. 36 The data were available for 92% of the people in the sample (Table 1) .
Biochemical measurements
Blood samples were collected by standard techniques after a 12-h overnight fast. Plasma was separated from whole blood samples, and stored at À80 1C until assaying. The plasma levels of leptin and EGFR were measured in EDTA-plasma samples by sandwich ELISA using a commercially available kit (R&D Systems, Minneapolis, MN, USA). Results were expressed as ng ml À1 for leptin and for EGFR, with the mean of intra-and inter-assay coefficients of variation: 4.3 and 5.7% and 6.1 and 9.6%, respectively. The lower detection limit of these assays was 0.031 ng ml À1 for both molecules.
There were no measurements below this limit in this sample. and ALPL, which were relatively evenly covered in this study, two specific regions in the ANKH gene locus were considered, based on our earlier findings. 21, 22, 39 Statistical and genetic analyses Preliminary statistical analyses were conducted using the STATISTICA 7.1. package. 40 Descriptive statistics for each of the original measurements were computed in males and females separately. As distributions of all four phenotypes deviated from normal distribution, they were logtransformed before adjustment for sex and age effects. The most parsimonious best-fitting polynomial model for each trait age dependence was selected using the maximum likelihood ratio test (LRT), as implemented in the MAN-2009 package 41 and described in detail in Malkin et al.
42
At the first stage of the genetic analysis, we estimated familial correlations between spouses, r sp , parents and offspring, r po , and between siblings, r sib . Using these estimates, we evaluated the maximal heritability of each trait according to: 43 
On the basis of intra-pedigree relationships, genotypes were checked for Mendelian errors and individual haplotypes were reconstructed, see Ermakov et al. 35 for details. The haplotype reconstruction and further statistical-genetic analyses were conducted using the MAN-2009 package. 41 Association analysis between haplotypes and the quantitative traits was performed using the family based association test (FBAT), 44 a transmission disequilibrium test (TDT) extended to nuclear families with more than one offspring. We also applied the pedigree disequilibrium test (PDT) previously described elsewhere. 45 PTD is the LD test that takes into account the partial correlations between the phenotypes of first degree family members: siblings, spouses, and parent-offspring. The PDT examines the trait inheritance assuming that the marker itself is the gene controlling a part of the trait variation, whereas the intra-pedigree relationships may explain the residual heritability component. Both tests suggest a single-gene mode of the quantitative trait variation and take into account the trait variance shared by the relatives. However, PDT uses all available phenotypes in extended pedigrees, whereas FBAT uses only offspring phenotypes from families having at least one parent, heterozygous on the marker. Unlike FBAT, the PDT likelihood evaluation includes the following: (1) summation through all possible individual genotypes, even for those subjects who were not genotyped in the pedigree; (2) integration through individual trait values correlated between Morphological and biochemical features of obesity M Korostishevsky et al relatives of more than first order. As a result, the power of PTD was found to be much stronger than that of FBAT. The comparison was performed using Monte-Carlo simulations of a sample of 1200 individuals under a different percentage of trait variance controlled by the gene (0, 1, 2, y, 10%), minor allele frequency of the marker (0.2, 0.5), and the number of offspring per nuclear family (2, 3, 4, 5, 6) (see Supplementary Appendix 1 and Figure S1 for details). The simulations unequivocally showed that PDT has much more power than FBAT, regardless of the conditions of the tested models. Most remarkably, unlike FBAT, the power of PDT shows no appreciable dependency on the number of offspring per nuclear family. We previously noted that integration of the results obtained by different tests may substantially facilitate studying genetic associations. 22 In this research, we further exploited this idea. Specifically, the combined P-value to reject a null hypothesis was estimated in each case of The height of a bar corresponds to the magnitude (Àlog10 (P-value)) of significant association (combined P-values, Table 3 ). The significance bars are at a mid-point between the two adjacent SNP from which haplotypes were recovered. The straight horizontal lines represent the value 1.3 (Àlog10 (P-value ¼ 0.05)), corresponding to the predefined a level. The tracks' lower and upper limits are set to 0 and 3, respectively. The lower triangular part of the diagram shows the linkage disequilibrium (D') pattern across the region. The diagram is based on the display from the UCSC Genome Browser. Figure S2 for details). The advantage of implementing the combined probability test becomes evident in cases of discrepancy between the PTD and FBAT results obtained on real data. In such cases, the procedure allows one to estimate the combined I type error leading to more objective overall conclusions. To account for multiple testing, the false discovery rate (FDR) procedure was applied to our combined test results. 46 We considered 20, 34, 71 haplotype variants (threshold frequency 40.05) in ANKH, ENPP1, and ALPL genes, respectively. Thus, taking into account that four phenotypes were analyzed, the numbers of tests used in the gene-wise FDR procedure (FDR ¼ 0.05) were 80, 136, and 284 for ANKH, ENPP1, and ALPL genes, respectively. The variance component (VC) analysis was applied for pairwise gene analysis of trait variability. The VC models allowed for familial effects and sex-specific gene contributions. The SNP genotype was transformed to a quantitative variable according to the number of ' þ ' alleles. Here, the ' þ ' allele was one of the two SNP alleles that increased the trait value. Thus, the transformed genotype could take three possible integer values: 0, 1, or 2. The same procedure was applied to genotypes defined by unambiguously reconstructed and factorized SNP haplotypes. The resulting 'quantitative genotypes' were standardized before being included in the analysis. The significance of familial and genetic effects was assessed by the LRT comparison between models, with and without the corresponding effects. The contribution of the joint additive effect of two genes was evaluated by that part of the trait variation that can be explained by the gene components of the VC model. That is, the proportion of the residual variance attributable to the two genes considered by the model was evaluated by comparing between the model incorporating these genes' effects and the restricted model ignoring these effects.
Further, we used VC analysis to study nonadditive genegene interaction effects on the phenotype's variability. For this purpose, the simplest bilinear model of epistasis was tested. Specifically, the model included four possible different inter-gene allelic combinations, and therefore four additional covariates were added to VC analysis of two biallelic genes. These four epistasic covariates were calculated by multiplying the number of copies of two corresponding alleles carried by the individual (see Supplementary Appendix 3 and Table S2 for details). Thus, the covariate value is nonzero if and only if the individual carried both alleles of the inter-gene allelic combination. Using this model, we checked possible interactions between the haplotypes of different gene pairs for which significant associations were observed at the preceding stages of the study. Table 1 presents basic descriptive statistics for two morphometrical (BMI and WHR) and two biochemical traits (leptin and EGFR) included in this study. Variations of each of the four traits were significantly dependent on age (Po0.001). Sample means of the morphometrical traits and leptin levels significantly differed between the sexes (Po0.001). Sex difference for EGFR was not detected (P ¼ 0.177). The four phenotypes were log-transformed before subsequent analysis. All four traits were significantly correlated with each other, with the lowest pairwise correlations observed for EGFR, and after adjustment for sex and age, each exhibited a significant estimate of heritability, ranging between 0.33 and 0.48 ( Table 2) .
Results
The genotyping results for 45 SNPs (7 in ANKH, 12 in ENPP1, and 26 in ALPL) are presented in Supplementary Appendix Table S1 . On the basis of the available family data, the haplotypes of adjacent SNPs within each of the three studied gene regions were reconstructed in about 87% of the individuals from our sample. The main results of the association analysis between the quantitative phenotypes and the respective haplotypes, obtained by TDT and PDT, as well as the combined probability to accept the corresponding null hypothesis in each instance are presented in Table 3 . The distribution of association signals across each gene region is depicted in Figure 1 . The ANKH gene was involved in the variation of all four studied traits, whereas the ENPP1 and ALPL genes were found to be associated with two different pairs of traits: (1) BMI and leptin, and (2) WHR and EGFR, respectively.
ANKH variants were significantly associated with variability of all four studied traits (Table 3; Figure 1a ). Of particular interest is the fact that all of them were associated with at least one of two adjacent haplotypes (rs6895973-rs17297276 and rs17297276-rs412056) residing in the extended gene region that includes exons 2-12 and 3 0 UTR. Importantly, this region harbors several potential regulatory regions according to the Open Regulatory Annotation database (OregAnno; Figure 1a) . 47 The most significant associations with BMI were observed with haplotypes Morphological and biochemical features of obesity M Korostishevsky et al (rs1353258-rs3006069 and rs3006069-rs863118) flanking the promoter region. In the ENPP1 gene, a significant association between the two adjacent haplotypes (rs7754561-rs9373000 and rs9373000-rs6569765) and BMI and leptin was observed. The LD haploblock of this region includes 3 0 UTR and several other potential regulatory elements as classified by OregAnno (Table 3 ; Figure 1b) .
In ALPL (Table 3 ; Figure 1c ), two distinct gene regions were involved in the associations. A strong association was observed between EGFR levels and the promoter region flanked by a set of four adjacent haplotypes (rs869180-rs869179, rs869179-rs1472563, rs1472563-rs1780314, and rs1780314-rs10465542). Two of those association signals (rs869180-rs869179, rs869179-rs1472563) remained significant after correction for multiple testing (see Materials and methods). The most significant associations with WHR were observed for two haplotypes (rs3738096-rs1256331 and rs1780320-rs5024467) corresponding to the large intra-gene haploblock, including at least one alternative promoter, 2-13 exons, and 3 0 UTR. A pairwise gene analysis was performed by using the VC approach to assess individual gene effects and potential epistasic relationships between the studied genes. The sexgene interactions and familial effects were also taken into consideration. The models were formulated based on observations from an earlier stage of analysis, that is, the association of the BMI/leptin trait pair with ANKH/ENPP1 polymorphisms, and the association of the WHR/EGFR trait pair with ANKH/ALPL genes.
On the basis of the results presented in Table 3 , the ANKH haplotype A-T (rs6895973-rs17297276) and the ENPP1 haplotype G-A (rs7754561-rs9373000) yielded the best association signals and were therefore included in the VC analysis. The results of the analysis of the BMI/leptin trait pair with the ANKH/ENPP1 genes are presented in Table 4 , where we provide parameter estimates for a general model (G) and four restricted models (M1-M4) evaluating the gene effects and sex-specific gene contributions. Specifically, the M1 model neglects possible sex-specific ENPP1 gene effects; the M2 model neglects sex-specific effects of both genes; finally, the M3 and M4 models neglect ANKH and ENPP1 contributions, respectively. Sex differences in the ENPP1 effect on BMI and leptin variation were not detected based on the LRT of the G vs M1. On the other hand, the M2 model, neglecting sex differences in the ANKH effect on BMI, was clearly rejected by LRT compared with M1 with P ¼ 0.0003. The corresponding comparison for leptin levels yielded a marginally significant result (P ¼ 0.070). Moreover, for both BMI and leptin, the ANKH effect was observed in females only. In contrast, both the ANKH and ENPP1 genes contribute to BMI and leptin variations, and the significance of the ANKH effect on BMI variability (P ¼ 0.0002) is considerably more reliable than is the ENPP1 effect (P ¼ 0.0599).
The decomposition of the residual familial variation showed that the additive genetic component (s AD 2 ) explains 41.7 and 34.4% of the total residual variability (s AD 2 þ s SB 2 þ s RS 2 ) of BMI and leptin, respectively (G column, Table 4 ). The shared sib environment component (s SB 2 ) was small, but still significant for both traits. Finally, 1.41% of the BMI and 2.12% of the leptin variation were attributable to the joint additive effect of the ANKH and ENPP1 gene polymorphisms included in the analysis. 
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As mentioned above, polymorphisms in both the ANKH and ALPL genes were associated with WHR and EGFR variation ( Table 3 ). The most significant associations for WHR were detected with polymorphisms linked to the 3 0 UTR region of ALPL and polymorphisms neighboring the ANKH promoter region. Hence, the ALPL haplotype G-A (rs3738096-rs1256331) and the ANKH haplotype A-T (rs6895973-rs17297276) were considered in the VC analysis of WHR. Unlike WHR, the EGFR variation was associated with the promoter-linked ALPL markers, in particular, with the haplotype T-G (rs869179-rs1472563), which was incorporated into the VC model for EGFR. The results of the analyses of the effect of the ANKH and ALPL genes on WHR and EGFR are presented in Table 5 . The analysis was designed À0.051 À0.050 0.045
0.074 0.093 0.089 0.087 
Abbreviations: EGFR, epidermal growth factor receptor; LRT, likelihood ratio test; WHR, waist-hip ratio. In the analyses, the ANKH gene was presented by the rs6895973-rs17297276 haplotype. The ALPL gene was presented by the rs3738096-rs1256331 and rs869179-rs1472563 haplotypes in the WHR and EGFR analyses, respectively. Subscripts 1 and 2 of regression coefficients denote ANKH and ALPL, respectively. The M2-M4 models are simplifications of the M1 model. Significant deviations from M1 model are denoted in bold. À0.045 À0.045 0.067
0.055 0.064 0.066 0.071 0.020 0.020 0.080 In this analysis, the ANKH and ENPP1 genes were presented by the rs6895973-rs17297276 and rs7754561-rs9373000 haplotypes, respectively. Subscripts 1 and 2 of the regression coefficients correspond to the effect of the ANKH and ENPP1 genes, respectively. TheM2-M4 models are simplifications of the M1 model. Significant deviations from M1 model are denoted in bold.
Morphological and biochemical features of obesity M Korostishevsky et al exactly for the previous gene-phenotype pairs. As shown, the M1 model, which neglected a sex-specific ALPL effect on both phenotypes, was accepted. The effect of a common sib environment on EGFR variation was also not significant in this model. The M2-M4 models represent further simplifications of the M1. The comparisons of the corresponding models to M1 suggested the following: (1) the ANKH gene exerted a sex-specific effect on both phenotypes, but there was no evidence for a sex-specific effect of the ALPL on either WHR or EGFR variation (M2); (2) the ANKH and ALPL effects on variation of both WHR and EGFR could not be rejected by LRT criteria (M3 and M4). Notably, whereas for the other three traits, the sib component of variance was minor or even insignificant, it was substantial for WHR (16.2% of the total residual variability) and comparable with the additive genetic effect (23.0%), according to the G model. On the basis of the VC models, the joint additive effect of ANKH and ALPL explained 2.17% of WHR and 2.75% of the EGFR variability, respectively.
A possible deviation from the additivity of the genes' effects (epistasis) was examined using extended VC models (see Materials and methods). Interestingly, we found no evidence for the epistasic interaction in the gene pairs ANKH-ENPP1 and ANKH-ALPL, at least for the haplotypes considered in VC analysis. The corresponding P-values that rejected a null hypothesis of no-interaction between the inter-gene haplotype combinations were PX0.842 for BMI, PX0.747 for leptin, PX0.761 for WHR, and PX0.811 for EGFR.
Discussion
In this study, we conducted an integrative analysis of the association between the three functionally interrelated genes, which are involved in calcium and phosphorus turnover, and four OB-related phenotypes. The analysis was performed taking into account the familial structure of the study sample and the estimated contribution of the putative and specific genetic factors, as well as gene Â sex and gene Â gene interactions for each study phenotype.
Our findings provide evidence supporting the substantial genetic component in variability of each phenotype and the strong association of the studied traits with the polymorphisms in the three mineralization genes ( Table 3 ). The ANKH genetic variants were found to be associated with all four OB traits, which imply its universality with respect to various aspects of adipose tissue physiology. BMI was reliably associated with polymorphisms linked to the ANKH promoter (P ¼ 0.003). The majority of association signals observed for the other phenotypes were localized in the large haploblock that encompasses distal exons and ANKH 3 0 UTR. The P-values of the most notable association signals for the latter region were as follows: 0.018 (WHR), 0.006 (leptin), and 0.006 (EGFR). Collectively, these results were in good agreement with the findings from our earlier studies. 21, 23, 39 In contrast to ANKH, the polymorphisms in ENPP1 and ALPL were associated with distinct phenotypes. Moreover, there is a striking contrast between the association patterns observed for the ENPP1 and ALPL genes. However, ENPP1 was associated with BMI (P ¼ 0.004) and leptin (P ¼ 0.007), and ALPL was found to be associated with WHR (P ¼ 0.003) and EGFR (P ¼ 0.0001) variation. Interestingly, polymorphisms affecting both BMI and leptin variations were mapped to haploblock harboring distal exons and the 3 0 UTR ENPP1 gene. This is in good agreement with very high phenotypic and genetic correlations between these two phenotypes. 48 Moreover, the latter study, conducted on the sample of Chuvashian individuals, showed that almost the entire genetic variation of BMI could be explained by the effects of the same genetic factors that govern leptin levels. The WHR and EGFR levels were associated with ALPL polymorphisms linked to different gene regions: WHRF3 0 UTR, EGFRFpromoter region. The peculiar pattern of associations observed for EGFR relative to the three phenotypes corresponds well to its weak phenotypic correlations to the rest of the traits.
The above findings were obtained by a combined analysis incorporating FBAT and PDT tests for association. On the basis of our simulation studies (Supplementary Appendixes 1 and 2), we can conclude that the use of combined P-values enables resolving the frequently arising discrepancy between PTD and FBAT individual results. Therefore, the suggested approach may be beneficial for studies of a similar design. In addition, our main results were confirmed by VC analysis, which also enabled us to estimate a relative input of different polymorphisms in each of the trait's variations, sex-specific genetic effects, and possible epistasic interactions. The importance of the latter approach lies in the possibility of simultaneous incorporation and joint analysis of the effects of several genes.
Sex-specific gene effects on the trait variations were detected only for ANKH, which exerted a significant effect on the study phenotypes in females only (Tables 4 and 5 ). On the basis of likelihood ratio comparisons between respective VC models, the ANKH gene had a greater effect on BMI variation (P ¼ 0.0002) relative to ENPP1 (P ¼ 0.0599), whereas the ANKH effect on WHR was comparable to that of ALPL (P ¼ 0.0069 vs P ¼ 0.0123). On the other hand, an association of ALPL with EGFR variability was considerably more significant than that of ANKH, 0.0004 vs 0.0098. The associations of ANKH and ENPP1 with leptin levels were of similar significance: 0.0193 vs 0.0043. Note, however, that despite the strong functional link among the studied genes, testing for nonadditive gene-gene interaction revealed no significant interaction effects.
Comparing these results with published data, we found no reports that ANKH and ALPL were associated with OB phenotypes in other populations. However, a considerable number of diverse findings for ENPP1 have been accumulated. Several studies reported an association between a K121Q polymorphism or haplotypes incorporating this Morphological and biochemical features of obesity M Korostishevsky et al marker and several OB-related phenotypes. 8, 11, 13, 49 The potential functionality of this polymorphism was assumed in the above and other studies, taking into account the location of this polymorphism in exon 4. Importantly, the actual region for which the association signals were reported was not limited to exon 4, but also included other sites with high regulatory potential, for example ENPP1 3 0 UTR. This is particularly evident from findings obtained using haplotypes and/or a substantial number of ENPP1 SNPs. 10, 11, 49, 50 The question of ENPP1's functional importance in OB etiology is complicated by negative results obtained in other association studies.
12,51
The distribution of association signals across the ENPP1 gene locus observed in this study (see Figure 1b) suggests that associations with OB traits (for example BMI and leptin) may be driven by the 3 0 UTR region, and not necessarily by K121Q polymorphism. This hypothesis is supported by several earlier studies that reported associations of OB-related traits with markers in ENPP1 3 0 UTR. 10, 11, 49, 50 In considering the potential mechanism for an association between the local regulators of inorganic phosphate levels in bone, represented by the three studied candidate genes, and the energy metabolism and OB, we suggest a model with two central players: inorganic phosphate itself and osteocalcin. Osteocalcin is the major noncollagenous component of bone; it has a function in calcium binding, stabilization of hydroxyapatite in the extracellular matrix, and regulation of bone formation. 52 Strikingly, the results of loss-and gain-of-function studies as well as pharmacological experiments in mice strongly suggest that this bone-specific protein also acts as a humoral factor profoundly influencing energy metabolism. 53 It has been shown that osteocalcin acts as a hormone that increases insulin production and sensitivity, affects fat mass, enhancing glucose utilization and energy expenditure. 54 Furthermore, leptin, a key molecule in appetite regulation, metabolism, and fertility, 55 was found to regulate the production of osteocalcin. 56 On the other hand, in addition to being crucial for bone mineralization, Pi acts as a signaling molecule and affects bone cells' physiology and gene expression, including the expression of osteocalcin. 57, 58 Thus, ENPP1, ANKH, and ALPL, the central local regulatory factors affecting bone mineralization and Pi levels, may represent one of the main nodes in the regulatory circuit connecting bone and adipose tissues by controlling osteocalcin-plasma levels via Pi concentration.
Several limitations of this study should be noted. The first one is related to the magnitude of the potential effect of the discovered polymorphism-phenotype associations, ranging between 1.41 and 2.75%. This situation is common enough for association studies of quantitative phenotypes, where individual genes as a rule explain o2% of trait's variability. 59 As a result, despite the fact that this study used 230 nuclear pedigrees, the strength of the association may not be sufficient after correcting for multiple testing. Indeed, given the number of polymorphisms selected for thorough investigation of the three genomic loci of interest, only two of the observed associations formally passed the correction for multiple testing in our sample, that is, associations between EGFR and ALPL promoter-linked haplotype variants (rs869180-rs869179 and rs869179-rs1472563). However, it should be mentioned that significant results were consistently obtained in several types of analysis, including PDT, FBAT, and variance decomposition analysis, which use different algorithms that not necessarily yield similar results (see Supplementary Appendixes 1 and 2) . Second, the limited set of four OB-related phenotypes was considered in our study. The third notable limitation is that the results were obtained on the sample of apparently healthy individuals, and thus are not directly applicable to clinics. In summary, recruitment of larger samples, including individuals with morbid OB or with OB-associated pathologies, as well as consideration of additional OB-related phenotypes should considerably enhance further research of these three genes' effects on various aspects of adipose tissue biology in normalcy and pathology. Obviously, extensive further research is required to verify this hypothesis.
